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Title: Improvements in or Relating to Electrochemical Cells 
Field of Invention 

This invention concerns electrochemical cells and relates to a novel layered material for 
use in such cells, a method for producing the layered material, and a cell having the 
layered material as the positive electrode. 

Background to the Invention 

Electrochemical cells generally have a negative electrode, a positive electrode, and an 
electrolyte placed between the electrodes. The electrolyte is chosen so that transfer of ions 
between the two electrodes occurs, thus producing an electrical current. One example of 
an electrochemical cell is a rechargeable battery. The use of layered materials such as 
lithium cobalt oxide, LiCoOj, as the positive electrode in such a rechargeable battery is 
well established. The layered material LiCoO. consists of sheets of oxygen ions stacked 
one on top of the other. Between the first and second layers of oxygen are located the 
cobalt ions, with the lithium ions being located between the second and third oxygen 
layers. Use of LiCoO, in rechargeable batteries aiiows greater energy storage per unit 
weight and volume than is possible in conventional rechargeable batteries such as nickel- 
cadmium. However LiCoOz has disadvantages in that it is somewhat toxic has limited 
energy storage capacity, and the coSmlt oontaining materials from which, it. is produced are 
expensive and scarce. ' 

Attempts have been made to use other compounds with a similar layered strucmre to that 
of LiCoOj, such as LiNiOj, and UFeO^: :EP & 017 400 discloses a range* Of cqthpounjis 
having layers of the a-NaCrOj st^nactute;.::'HoweY^ preparatioiA'ofthe Mf^^ |lCcordihg 
to the present invention is not taugihit .^ahii coujd not be achieved; .se& for example E. 
Rossen, C.D.W. Jones, and J.R. Dahn,' "Structure and electrochemistry of Li^MnyNii.yOj", 
Solid State Ionics. 57 (1992), 311-318?'^ ; 

SUBSTITUTE SHEET (RULE 26) 
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It iis dne aim of the present invention to provide a novel layered manganese oxide material 
which can be iiised in electrochemical ceflsV 

Summarv of the Invention 

According to one aspect of the present invention, there is provided a manganese oxide 
material, wherein the material is of the form QqMnyM.O,, where Q and M are each any 
element, y is any number greater than zero, and q and z are each any number greater than 
or equal to zero, and the material has a layered structure. 

A layered structure is one in which the ions are arranged in a series of generally planar 
layers, or sheets, stacked one on top of another. In general, each layer contains ions of 
one particular element, although the layer of Mn ions may contain M ions if present. 
Thus, when z is equal to zero and q is greater than zero, the layering will consist of sheets 
of oxide ions which are separated by alternating layers of Q ions and Mn ions, i.e. the 
layers order as a layer of oxide ions, a layer of Mn ions, a layer of oxide ions, a layer of 
Q ions and a layer of oxide ions; this is repeated throughout the structure. 

Where z is not equal to zero, y +z is preferably chosen to equal one. In such a material, 
the M ions will occupy sites in the Mn layers. 

Q is preferably chosen from the Group I elements, i.e. K, Li, Rb. 

Where z is not equal to zero, the element M is typically chosen from Group II elements, 
the transition elements or from Group III elements. Suitable elements include Be, Mg, 
Ca, Sc, Ti, V, Cr, Fe, Co, Ni, Cu^ Zn, Al, Ga, P. 

Accordingly in a particularly preferred material according to the invention, Q is an alkali 
metal ion, such as Rb, K or Li, and M is a trai^ition metal ion. 

Preferably Q is chosen to be Li, so that the material is of the form Li^MnyM^O,, where 
w is any number greater than zero. 
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The layered structure preferably possesses a crystal syrn in e try ^1^^ 

A preferred symmetry for the layered structure is monoplmic. The irionoclinic structure 
possesses one 2-fold axis and/or one plane of symmetry, its unit cell possessing three 
unequal axes, one axis being perpendicular to the other two axes which are inclined at an 
obliuue ang!e, /?. In such a structure the Mn ions are not equally spaced from all nearest 
neighbour oxide ions, i.e. the three oxide ions in the adjacent upper layer and the three 
oxide ions in the adjacent lower layer, bu^ rather are distorted from equal spacing so that 
the Mn-O bond disunce varies. An ec}uivalent view of this is that the layered structure 
comprises layers of MnO^ pK)]yhedra separated by layers of other ions, for example lithium 
ions. 

Preferably the material is LiMnO^, havirig a layered monoclinip structure. 

In a simple ahemaiive the material may be of the form MnyO,, where the layers order as 
a layer of oxide ions, a laver of Mn ions; this being repeated throughout the structure. 
The layered structure of this materia! is rhom.bohedral, with the Mn ions being equally 
spaced from all nearest neighbour oxide ions, i.e. the three oxide ions in the adjacent 
upper layer and the three oxide ions in the adjacent lower layer, so that the Mn-O bond 
distance is constant. An equivalent view of this is that the layered structure comprises 
successive layers of MnO^ octahedra. 

According to a further asi>ect of the invention, there is provided a method of preparing a 
manganese oxide material of the invention, comprising processing an intermediate material 
X^Mn^M^O,, where X is a group I element not being lithium, M is any element, x and y 
are each any number greater than zero, and z is any number greater than or equal to zero, 
by an ion exchange reaction with a reactant containing lithium ions, so as to replace X 
with lithium and produce a material of the form Li^Mn^M^O;, where w is any number 
greater than zero, and the material has a layered structure. 

Preferably X is chosen to bo Na, so that the intermediate material is of the form 
Na,Mn,MA. 



BNSDOCID: <WO 9726683Al_l_> 



wo 97/26683 PCT/Gto97/00031 

4 

More lireferably y is equal to orie arid z'is equal to zero, so that the intermediate material 
is of the form NaMnO^. The use of such an intermediate material results in production 
of a layered material of the form LiMnO,. having a layered monoclinic structure as 
described above. 

The reactant may be any 'suitable lithium salt, such" as LiBr or Lid. Preferably the ion 
fexchange reaction is achieved by heating the reactant and intermediate material under 
reflux. Typically n-pentanol, n-hexanol or n-octanol are used as the reflux agent, with the 
retlux period being 6-8 hburs. 

According to a further aspect of the invention, there is provided a method of preparing a 
manganese oxide material of the irivention; comprising processing a precursor material 
Q,Mn,M,0,, wheVe Q and M are each any element, q and y are each any number greater 
than zero, and z is any number greater than or equal to zero, by carrying out an ion 
removal reaction, so as to remove Q and produce a material of the form Mn^M,0,, with 
i layered structure, 

ion removal is conveniently achieved by electrochemical extraction, using the precursor 
material as the working electrode in an electrochemical cell. This is of particular 
advantage in preparation of materials of the form Mnp,. For preparation of these 
materials, Q is preferably chosen from the Group I elements, such as Na, K, Rb. The 
KdnJO, may be subsequently processed td insert lithium so as to produce Li..Mn,0,; 



According to a:nother aspect of the invention, there is provided an electrochemical cell, 
wherein the positive electrode is of the form Li,Mn,M,0„ where M is any element, y is 
any number greater than zero, and q and z are each any number greater than or equal to 
zero. The use of the manganese in the electrode avoids the need for use of cobalt or 
nickel which is of advantage as manganes^ te less toxic; more abundant and cheaper than 
' cobalt "and nickei. 

Preferably y and q are equal to one, and z is equal to zero, with the preferred electrode 
material being LiMnO,. 
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A rechargeable battery is an example of an e.lectrpchemical eel! with which the invention 
..may be used. . . . . . - , . , 

The invention will now be described by way of example, and with reft^re.ncc to the 
accompanying Figures in which: 

Figure 1 shows the , observed diffraction data ^p,f the. material obtained from the method 
according to the invention, and the. fit of a, ihe^oretical diffraction pattern assuming a 
layered monoclinic model; ; , - . 

Figure 2 shows the observed diffraction data of the matetri^l obtained from the method 

according to the invention, and the fit of a theoretical diffraction pattern assuming a 

tetragonal spinel model;, . , . - 

Figure. 3. shows a r.epreseiTiiation of LiMnO, assuming a ijjonoclinic layered model; 

Figure 4 shows a representation of LiMnO, assuming a tetragonal spinel model; 

Figure 5 shows the voltage response, of an electrolytic cell iising Li..,MnO,, as 1-x varies; 

and 

Figure 6 shows the percentage of initial discharge capacity on successive discharge cycles 
of the cell. 

Des c ription : ^ 

EXAMPLE 1 . _ . . 

A material LiMnO^, being a preferred embodiment of the invention will now hie described 
by way of example. The preparation of the material LiMnO. and the experimental 
verification of its structure and its properties as an, electrode for an electrochemical cell 
will be described. 

Preparation of LiMnO, ^ ; . * - 

Preparation of LiMnO. required two stages:^ ^ . .. , ^ . . . . . 

1) The preparation of the intermediate material, sodium manganese oxide, NaMnQ-.; and 

2) Ion exchange reaction. 

Stage 1) is largely known from the literature, see Fuchs and Kemmler-Sack» Solid State 
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Ionics* 68, 279/1994. Stoichionietric quantities of sodium carbonate, ' Na^COy, and 
manganese (til) oxide, MHA/ areS(^"eighed out, intimately mixed and ground under 
acetone* in an agate* mortar arid pestle' Until a' homogeneous mixture is obtained. The 
"acetone is allowed to evaporkie and the ifiixtur^ transferred to a crucible and Heated in a 
tube furnace at 700-730 °<j' for 18*72 hbuVs urider fiow^^^ The optimal heating 

time lo ensure the be^t density and 'hornogeneiiy* of resulting material is 48 hours. 

After heating the sample is furnace cooled and then removed from the furnace. Phase 
purity of the resulting NaMnO^ was confirmed by powder X-ray diffraction. Materials 
of the form NaMn^M^O; (where M = Be, Mg, Ca, Sc, Ti, V, Gr, Fe, Co, Ni, Cu/Zn, Al, 
Ga, P etc) may be prepared by using the appropriate oxide to replace some of the Mn.Oj. 

In stage 2), a 10 to 15 fold excess of lithium chloride, LiCl, i.e. 5g,. or lithium bromide, 
LiBr, i:e lOg, is added lo i roiind bottomed flask containing 100ml of either n-pentanol, 
n-hexanol, or n-octanoi. Ig of the' previously prepared NaMnO: is added to the mixture 
in the flaik, a condenser attached and the rnixture heated under reflux for a period of 6 
to 8 hours, Refluxing temperatures are around ISO^G for n-penlanol, 145-150°C for n- 
hexanol and 180-185 for n-octanoK After coolirig to room temperature, the product is 
filtered under suction, washed firstly with the appropriate alcohol and then with ethanoU 
and finally dried. Phase ptirity 'of the resulting product material viras confirmed by powder 
X-ray diffraction^ 

'"'ll^sft^dtiire' of the product jjrbduc^d^Efc^ the method was then detenriined by 

Neutron diffra<:tic)n.^ Determinitioit of tKe structure by this method requires the observed 
diffraction data from a representative sample of the product to be compared to theoretical 
diffraction data for a variety of structural models. The correct structural model produces 
^ tlie^b^ Tirbetwyn't^^ observed data. Typically trial models are selected by 

* ioc^ing at" the sti-uctui-es of s;iiriilar families'of compounds, or from the structures of the 
conipbunds that formed the j^roduct. 



J • ^ -■ ^ 



To analyse the structure of the material formed from the above described method, two 
models were tested. The first assumed that the layered monoclinic structure of the parent 
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. .NaMnO; was retained after the ion exchange .reaction.^: The second model .assurned a 
.tetragonal spinel structure as., adopted by Li,Mn,0,, i.e._ not a layered structiire like the 
cobalt or nickel compounds. ..discussed above but rather a cpmpletely different three 
dimensional structure. It-should, be understood that other ^cpmpound$ with the LiMnO, 
compt.>siiion have been- prepared^ in the past, but with completely different structures. It 
is known that orthorhombic LiMnO,, )p>v ternperature ,"orthoj^ and 
tetragonal spine! Li;Mn:04 may be produced. 

Timc-of-Hight powder neutron diffraction data were collected on the POLARIS high 
intensity, medium resolution diffractometer at the^ ISI^ pulsed-.sourpe at the Rutherford 
Appleton Laboratory,. Data from, the highest resolution bapkscattering bank of detectors 
were used for structural analysis. 

The, observed diffraction data were, compare?! wjth tji^or^tipal. data for each, of the two 
models. The fit of the real arid theoretical dja^^ .to^^^^ monpclinic layered structure is 
shown in Figure 1 . Figure 3 shows , a rf pr^esentatipn of this, model as it is thought to relate 
to LiMnO^; MnO^ polyhedra shown, with Li ions, as circles The structure shown in 
Figure 3 is layered. and related tQ.the structure of LiCoOj, desjcribed above. However due 
to the presence pf.the. Jahn-Xeiler active ion. Mn^*. the stryctiire is disiortpd from that of 
LiCpO^. The niain: (difference is Uiat tiie.prystal symm^^ fr^rn rhom^oh^dral 

(LiCoO,) to monoclinic (LiMnO^^). The MnO^ polyhedra have a lower symni^try jhaf of 
the CoOe polyhedra as the MnO^ i>olyhedra are considerably distorted compared with those 
of CoO^. The Cop^ .pplyhedra^.are ,o^^^ 

. occupancies .and positions, of, the atoms within .this mziteri.al .when using the. n^on^clinic 
structure. . : , 

The fit of the real and theoretical data in./hp..fa^e, of ,?)^^ 

structure is shown in Figure 2. Figure^ 4, ^hji^w^^ ^,94^1 .JPpJj^fJ 

LiMn02; MnO^ polyhedra are shown, with Li ions as. light. circles and Mn ions. as , dark 
circles. Table 2 below shows the relative site occupancies and positions of the atoms if 
this model applied. 
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Wyckoff 

Atom symbol X y z ' B„ Site Occupancy 

2d 0 0 5 0.5 2.4(2) 0.91/0.09(4) 

2a 0 . .0 0 0 0.72(6) 0.10/0.90(3) 

4i 0.2723(3) 0 0.7706(2) 0.68(4) 1 

a = 5.43S7(7). b = 2. 80857(4), c=5.3878(6)A,>= 116.006(3)° 
;»^- = 11.83 (R^=0.60%, R,= 1.86%, R„,=2.06%, R,=3.98%) 

Table 1: Results obtained on fitting a layered monoclinic structure to the observed data, 
space group C2/m (no. 12). 





Wyckoff 












Atom 


symbol 


.X. . .; 


y , . . 


y.. 




Site Occupancy 


. Li 


.8c - 


0. .. 


0 - .. . - 




3.6(5) 


1, 


Mn 


8d 


0 


0 


0.5 


0.12(5) 


.1 


O 


16h 


0.0 


0.4826(5) 


0.2552(3) 


0.39(5) 


1 



a=5. 66632(6), b=5.66632, c=9.1852(2)A 

Table :2: Results -obtained on .fitting a. tetragonal structure to the observed data, space 
. group I4,/i7/nfi? (no. 141). , 

Itc^n be seen, from the analysis presented in Tables l aiid 2, and Figures 1 and 2, that the 
: best fit, i:^. that v/ith least error, see ^^alue and R values, is obtained for the monoclinic 
structure. The method according to the invention has thus produced monoclinic layered 
LiMnO;. 

The performance of the monoclinic LiMnOn in an electrochemical cell was then 
investigated. Investigation into the properties of LiMnO, was undertaken using a three 
electrode cell composed of lithium metal counter and reference electrodes. The working 
electrode, i.e. the positive electrode was fabricated by compressing powdered LiMnO. 



Lil/Mnl 
Li2/Mn2 
Ol 
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(80%), ca'rb'on black (13.3%)'and PTFE (6.7%) w to a meml grid., The electrblyre was 
LiClOj dissolved in propylene carbonate. LiClO, was rigorously dried by heating under 
vacuum at ISO^'C and the solvenrwas distilled using a~Fischer- H-MS 500G distillation 
apparatus with 90 theoretical plates. The cell with an electrolyte solution of IM LiClO^ 
in propylene carbonate was subjected to charging at a current of lOaAcm*. 

The resulting voltage of this cell as a function of lithium content is shown in Figure 5. 
Two voltage plateaux are visible; one at 3.4V, the other at 4V vs. Li*(lM)/Li. The 
maximum voltage of 4.1V is obtained for l-x=0, i.e. for MnO,. The ceil was cycled at 
a constant current of O.SmAcm - between the potential limit 3.4 and 4.3 V lo simulate the 
behaviour of a rechargeable battery. This cycling data is shown in Figure 6, with the 
percentage of initial discharge capacity shown for successive cycles. It will be seen that 
capacity declines on cycling. However the voltage range has not been optimised and 
includes both plateaux. Figure 6 demonstrates that lithium can be chemically or 
electrochemically extracted from LiMnO:. and reinserted into this compound, i.e. it is an 
intercalation/insertion electrode. ^ 

As demonstrated in the above preparation of LiMnO^, it is possible to ion exchange 
sodium for lithium in NaMnO^. As a variant of this, sodium can be electrochemically or 
chemically extracted from this NaMnO, yielding a materiial with a layered structure: and 
the formula Mn02. Typically this involves -ah electrochemical cell in which NaMrtO^ is 
the working electrode and passing a constant current through the cell. Such a 'cell may 
be a cell such as that described above for LiMnOj, but using sodium counter and reference 
electrodes and a solution of NaGlO^ in^prbpylene; carbonate. The electrode material is 
thus oxidised, lemoving sodium and converting Mn-*"*" to Mn^", producing MnO^: -An 
alternative synthesis of LiMnO^ may then be carried out by insertion of lithium into the 



EXAMPLE 2 

SYNTHESIS OF NaMni- M^O, * ' • 

Two methods were used to prepare compounds of the form NaiMni-^M^02. The first 
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preparation involved weighing stoichiometric quantities of sodium carbonate (Na2C03) (or 
a slight NaiCOj excess) and managanese, (III) oxide (MnjOj) and the appropriate other 
metal oxide e.g. cobalt oxi4eXQo3Q4),.nicke (NiO), iron (III) ox:de Fe.Oa) and 

intimately mixing and. grinding under acetone ; in,, ^n agate mortar and pestle until a 
homogeneous mixture was obtained. Once the acetone had evaporated the mixture was 
transferred to a crucible, and heated in a furnace at 650-750''C for 10-72 hours in air. The 
sample was cooled to below 200 ""C before removal from the furnace. Phase purity was 
confirmed by powder X-ray diffraction. 

The second preparation involved weighing out appropriate quantities of manganese (II) 
acetate (Mn(CH3COO)2.4H20) and the other metal saU e.g. cobalt (II) acetate 
(Co(CH3COO)2.4H20) or nickel (II) acetate (Ni(CH3CpO)2.4H20) and dissolving them in 
distilled water. A stoichiometric quantity of spdium carbonate (NajCOj), or a slight 
Na2C03 excess, was weighed out into a separate vessel and dissolved in distilled water. 
The two solutions were then mixed and stirred. The water was then removed on a rotary 
evaporator. The resulting solid was transfeired to a cmcible and heated in a furnace at 
180-3(K)°C for 2-24 hours in air. The sample was cooled to below 100°C before removal 
from the furnace; it was then ground in an agate mortar and pestle, transferred to a 
crucible with a lid and heated in a furnace at 500 - 850°C for 1-60 hours in ^ir. Samples 
were removed from the furnace at this temperature or after cooling. Phase purity was 
confirmed by powder X-ray diffraction. 

Subsequent processing of either preparation was as described in Example 1 above. 
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Claims 

r. A manganese oxide matenal, wherein the rfiaterial is of the form QqiMnyM^O., where 
Q and M arc each any element^, y is siriy number greater than zero, and q and z are each 
any number greater than or equal lo'zefo, ^hd thti ma^^^ ^'iayefed structure. 



( 1 



2. A manganese oxide material accordihg to claim 1, wherein y + z is chosen to equal 
one. 



3. A manganese oxide material according to claim 1 or claim 2, wherein Q is chosen 
from Group I elements. ■ " ' ' ^ 

4. A manganese oxide material according to any of the preceiding claims, wherein Q is 
ah alkali metal ion and M is a transition metal ion. 

5: A manganese oxide material according to any ot the preceding claims, wherein Q is 
chosen to he Li, so that the material is of the form Li^Mn^M^O,, where w is any number 
greater than zero. 

6. A manganese oxide material according to any of the preceding claims, wherein the 
layered stmciure possesses a crystal symmetry lower than rhombohedral. 



7. A manganese oxide material according to any of the preceding claims, wherein the 
material has a layered monocHnic structure. 



8. A manganese oxide materia! according to any of the preceding claims, wherein the 
material is LiMnO^, having a layered monoclinic structure. 

9. A manganese oxide material according to claim 1, wherein the material is of the form 
MnA. 

10. A method of preparing a manganese oxide material, comprising processing an 
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intermediaie material X,Mn,M,0„ where X is a group 1 element not being lithium, M is 
any element, x and y are eaeh any number greater lhan zero, and z is any number greater 
than or equal to zero, by kn ion exchange 'le action with a reactant containing lithium ions, 
so as to replace X with lithium and produce a material of the form Li^MnyM^O,, where 
w is 'any number greater ihan'zero,* and the material has a layered structure. 

11. A method according to claim 10, wherein X is chosen to be Na, so that the 
intermediate materia] is of the fofni Na^Mn.M^O.. ^ 

12. A method according to claim. 10 or claim 11, wherein y is equal to one and z is equal 
to zero, so that the intermediate material is of the.:form NaMnO>: ^ - 

13. A method according to any of claims 10 to 12, wherein the reactant is a lithium salt. 

14. A method according to any of claims 10 to 13, wherein the ion exchange reaction is 
achieved by heating the reactant and intermediaie material under reflux. 

15. A. method of preparing a manganese oxide material, comprising processing a 
precursor material Q^Mn^M^O,, where Q and M are each any element, x and y are each 
any number greater than zero, and z is any number greater than or equal to zero, by 
carrying out an ion removal reaction, so as to remove X and produce a material of the 
form MnyM^O,, with a layered structure. 

16. A method according to claim 15, wherein the ion removal reaction is achieved by 
using the precursor material as the working electrode in an electrochemical cell. 

17. A method according to claim 15 or claim 16, wherein the material is of the form 
Mn,0,. 

18. An electrochemical cell, wherein the positive electrode is of the form Li,MnvM3,0:, 
where M is any element, y is any number greater than zero, and q and z are each any 
number greater than or equal to zero. 
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19. ; An electrochemical cell accarding to.c]aini 18, jwherein.y-^^ one, and 
z is equal to zcxo, with the. electrode materia.bbeing LiMnO..; . j- ; -i.- 

20. A rechargeable -battery,: comprising an .electrochemical cell according to claim 18 or 
claim 19. 

21. A method of preparing a manganese oxide material and a manganese oxide material 
for electrochemical cells substantially as herein described. 

22. An electrochemical cell having an electrode of manganese; oxide material substantially 
as herein described. 
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